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[bookmark: _Hlk510705081]At RAN #86 in December 2019 a work item for NTN was agreed (RP-193234,[1]). The normative activities include development of specifications for transparent payload-based LEO. In this document we discuss aspects related to the time and frequency synchronization for proper operation of NR over NTN. During RAN1#104bis-e and RAN1#105-e this topic was discussed and the feature lead summaries and the Agreements can be found in [2], [3], [4], and [5] respectively.
GNSS Inaccuracies and Limitations
During previous meetings a recurring assumption is that the UE can use its GNSS implementation to obtain location information and estimate corresponding timing advance (TA) and frequency adjustment in the UL for both RACH and RRC_CONNECTED mode. For instance, in RAN1#103-e (see [6] and Agreements therein) it was agreed that a UE in RRC_IDLE, RRC_INACTIVE or RRC_CONNECTED state, based on its acquired GNSS position and the serving satellite ephemeris, shall at least be capable of UE-specific calculation of the TA and the UL frequency pre-compensation to counter shift the Doppler experienced on the service link. Further, the agreements from RAN1#104-e also included agreements that rely on the UE utilizing information obtained from GNSS systems [4].
The UE timing estimation and application of TA before random access preamble transmission has the main purpose of minimize the range of timing gaps between UE and gNB in UL, and thus to make it possible for the gNB to read the random access attempt made by the UE, as the gNB is only expected to have a certain observation window for the detection of the potential random access preamble for each RACH occasion (RO). At the same time, the frequency estimation aims at allowing the UE to compensate for the Doppler effect experienced on at least the service link, in order to avoid a large frequency offset of the random access preamble and the rise of inter-carrier/inter-user interference at the receiver side.
Observation 1: The UE GNSS-based time pre-compensation has the main purpose to guarantee that the initial random access attempt falls into the time window for the RACH occasion as defined by the gNB and minimize the interference to adjacent UL time symbols. Frequency pre-compensation shall ensure that the Doppler effect is mitigated so that the preamble can be received without inter-carrier/-user interference.
Given that objectives, the GNSS-based compensation must fulfil certain accuracy levels in order to enable a correct decode of the random access preambles transmitted by the UE. There are several error sources to be considered regarding the accuracy of the GNSS-based estimation of location and/or acquisition of a time/frequency reference, as well as impact of implementation or external factors. These sources include:
1) Lag of the ephemeris information: Inaccuracy provided by the time elapsed between the time the ephemeris info was generated by upper layers and the time it was read by the UE. It is intrinsically related to the fact that frequency ephemeris information is generated by upper layers and broadcasted to users. Even in the cases the UE is aware of the delay, the modelling the satellite movement may lead to errors from numerical approximation. 
2) Precision on the ephemeris data: The precision of the ephemeris is linked to the number of bits used to describe the ephemeris. This is one source of error that is controllable by specifications. 
3) Orbit Perturbation: As described in [7] there are several factors that may interfere to the satellite, causing deviation from the pre-designed orbit. Example: atmospheric drag, solar radiation pressure, Earth oblateness and gravity of other celestial bodies. For LEO satellites, over long periods of time, this may lead to significant displacement of the satellite from the original orbit [9]
4) Ionospheric and Tropospheric Delays: If the GNSS estimated distances are based on position, the UE will be able to estimate the distance travelled by the signal from the UE to the satellite. However, the exact time elapsed for the signal to travel this distance may vary as a consequence of the atmospheric effects. Ionospheric and Tropospheric delays are also a source of inaccuracy for GNSS (item 3 in this list).
5) GNSS inaccuracy: several physical effects such as signal blockage from buildings, signal reflections, (multipath), solar storms, satellite maintenance/manoeuvres etc. may degrade the positioning accuracy provided by GNSS. For example, the official page of GPS describes those factors in [10]. Moreover, the implementation of the GNSS device, hardware design and advanced features as data fusion or consideration of different GNSS sources (GPS, Galileo etc.) influence the finally achievable accuracy.
6) Altitude Modelling: Some GNSS devices utilize the ellipsoid model provided by the WGS 84 model to provide altitude information, which may differ from the actual Earth geoid in several hundreds of m and therefore introduce inaccuracy in the position estimation. 
7) Delay on GNSS-information conversion: Due to the dynamic nature of the system, there will be imprecision caused by the time elapsed between the GNSS information is calculated/acquired by the UE and the actual time it is delivered and used by the UE clock and local oscillator for adjusting of UL transmission.
8) Delay in GNSS-information acquisition: Due to the GNSS subsystem having a latency during start up, the UE may not have the needed and relevant GNSS information readily available when required for initial access.
9) External threats: GNSS is often exposed and vulnerable to various external threats, including following:
· Spoofing: Modification of the position of the UE. Systems like GPS are know to be vulnerable to spoofing(https://nakedsecurity.sophos.com/2013/07/31/80-million-yacht-hijacked-by-students-spoofing-gps-signals/ ). For Random Access, the major threat is to prevent the UE to ever be able to get the RA process complete due to lack of synchronization.
· Jamming: Most of GNSS systems are known to be highly sensitive to jamming of their signals.
· Availability: The provider of the GNSS system may decide to turn off, modify, remove free access to their system, without notice or consideration to the NTN service provider. This will impact UEs capability to access the network and their satisfaction.
· Hacking: The 3GPP cannot ensure the third part system is not subject to malicious attacks, as its security implementations are outside the 3GPP world. 

Some of the items listed above may have larger impact whereas the impact of others may be smaller in certain designs. Some errors are caused by physical effects, whereas other errors depend on hardware implementation or can be controlled by specification and system design. 
Observation 2: There are several sources of inaccuracy in acquiring time and frequency synchronization between UE and gNB by using GNSS information. The precision and availability provided by different systems may vary significantly.
Proposal 1: Any UE should only attempt to access the 5G system over NTN for situations where it is absolutely sure that proper time and frequency compensation is applied.
GNSS is a third-party system vulnerable to external threats, which, however, cannot be addressed or resolved by 3GPP. The usage of GNSS-based solution, assumes the UE has access to a GNSS system. However, the GNSS solution is not part of the 3GPP specification standard, and therefore it is not subject to standardization. As such, the 3GPP can’t standardize how the UE implements its GNSS solution. The full-reliance on GNSS for synchronization and Random Access procedures leaves the 3GPP system implementation dependent on third part systems. Other applications utilize GNSS for implementing or refining their solutions, but NTN seems more vulnerable to faults in GNSS systems, as the entire connectivity (the Random Access procedure) is fully relying on GNSS.
Observation 3: Full reliance on third part GNSS applications leave the 3GPP systems exposed to vulnerabilities that cannot be subject to enhancements or modifications by 3GPP standards or service provider will. 
Proposal 2: NTN systems must contain a fall-back conservative solution that allows UE to access the network in case of faulty or malfunctioning GNSS systems.


Time Synchronization
The Timing Advance to be applied by an NR NTN UE in RRC_IDLE/INACTIVE and RRC_CONNECTED was discussed in RAN1 Meeting #104bis-e, and following key Agreement was reached:
Agreement:
The Timing Advance applied by an NR NTN UE in RRC_IDLE/INACTIVE and RRC_CONNECTED is given by:

Where:
·   is defined as 0 for PRACH and updated based on TA Command field in msg2/msgB and MAC CE TA command. 
· FFS: details of NTA update/accumulation.
·   is UE self-estimated TA to pre-compensate for the service link delay.
·  is network-controlled common TA, and may include any timing offset considered necessary by the network.
·  with value of 0 is supported. 
· FFS:  details of signaling including granularity.
·  is a fixed offset used to calculate the timing advance. 

Note-1: Definition of  is different from that in RAN1#103-e agreement. 
Note-2: UE might not assume that the RTT between UE and gNB is equal to the calculated TA for Msg1/Msg A.
Note-3:  is the common timing offset X as agreed in RAN1 #103-e.

During RAN1#104bis-e and RAN1#105-e it was discussed that the gNB broadcasts not only the Common TA, but potentially also the Common TA drift rate and potentially the Common TA drift rate variation. The Working Assumption taken during RAN1#106-e was finally turned into following Agreement in RAN1#106bis-e meeting: 

Agreement:​
Confirm the working assumption:​
Common TA may include parameter(s) indicating timing drift.​
· The UE will apply common TA according to the parameters provided by the network (if any). No offset between the common TA according to the parameters provided by the network and the actual feeder link RTT is considered when defining UE UL timing error requirements.

The discussion also led to following Agreement, practically leaving up to the network to decide whether to only provide the Commonm TA or the Common TA drift rate and Common TA drift rate variation as well.

Agreement:​
In NTN, the Network may optionally indicate one or more of the following parameters:​
· Common TA , Common TA drift rate and Common TA drift rate variation.​
· FFS: Common TA third order derivative.​
· FFS: Details of combination of Common TA parameters

Providing the Common TA drift rate as well as the Common TA should allow the UE to perform a self-estimation of the time-wise development of the Common TA based on a first-order or even second-order approximation and even predict the Common TA over a longer period of time. It is noted that the key information for the UE to be used for UL pre-compensation of service link and feeder link delay is the satellite ephemeris information and the Common TA, respectively. To avoid large delays for UEs during the initial access phase, all this information is provided by the gNB. With respect to the common TA compensation, the UE would greatly benefit from an accurate estimate of the common TA for a long period of time after SIB reading. To accurately predict the common TA into the future, the UE needs knowledge of not only the common TA drift rate (1st order derivative of common TA), but also the 2nd order derivative. These higher order derivatives need to have a fine granularity to provide a better level of prediction accuracy and a longer period of validity. However, if directly broadcast in SIB, the higher order derivatives would take up a significant amount of bits and additional resources. 
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[bookmark: _Ref86948279]Figure 1. Common TA and common TA drift rate (1st derivative), drift rate variation (2nd derivative), and 3rd derivative as a function of elevation angle (elevation>90⁰ indicates satellite descending) for LEO at 300 km, 600 km, 1200 km, 1800 km.
Figure 1 shows the common TA, common TA drift rate (1st order derivative), drift variation (2nd order derivative), and the third order derivative as a function of the elevation angle for LEO at different orbits. We can easily observe that the range of each of these common TA variable is the largest for the lowest orbit. With a fixed granularity, more bits are required to indicate the common TA parameters for the lower orbit LEO. Therefore, the number of bits for common TA parameters should be based on the lowest orbit LEO to be supported.
Observation 4: The ranges of common TA drift rate and common TA drift variation are larger for lower altitude LEO.
Proposal 3: RAN1 to define the orbital height range for LEO deployments.
Proposal 4: The number of bits indicating the common TA drift rate and common TA drift variation should be determined based on the lowest supported altitude of LEO satellites.
During the discussions on the common TA, there is one important aspect that has yet to be discussed and defined. In previous agreements there is the mentioning of “epoch”, and traditionally in computing terms this has meant “the point in time where time is assumed to be zero”, but under some interpretations, it could also be the related to “the point in time when information is valid/applicable”. For obtaining a common ground for the understanding of the baseline for the parameters that are used for the description of the Common TA, we propose the following:
Proposal 5: Epoch time for Common TA is defined as the point where prediction time equals zero for the equation describing the time-wise evolution of the Common TA.
Proposal 6: Epoch time for Common TA is also defined as the point in time where the parameters for Common TA are assumed to be representative of the Common TA.
Let  denotes the epoch time of common TA and  be the common TA at time  from the epoch time. The common TA can be approximated using , the 1st derivative of common TA or common TA drift rate, , the 2nd derivative or common TA drift variation, , the 3rd derivative, and so on. The 2nd-order and 3rd-order approximation of  are calculated as in equations (1) and (2) respectively.
	
	(1)

	
	(2)


The higher order approximation naturally gives a more accurate estimate of the common TA. However, the accuracy also depends on the satellite’s position at the epoch time. Figure 2 shows the common TA error when LEO 600 km satellite is at different elevation angles at the epoch time , using the 2nd-order and 3rd-order approximation, assuming the derivatives at the epoch time, , are precisely known (no quantization error).
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[bookmark: _Ref86929953]Figure 2. Common TA prediction error using 2nd order (a) and 3rd order (b) approximation when the LEO elevation angle is 20⁰, 40⁰, 60⁰, and 80⁰ at time , i.e., at the epoch time.
[bookmark: _Hlk86931201]When we consider the required granularity for the common TA derivatives, we need to notice from equations (1) and (2) that the quantization error of the n-th order derivative will propagate with the n-th power of time to the common TA error.
Observation 5: The quantization error of the n-th order common TA derivative will propagate with the n-th power of time to the common TA error. Therefore, the higher order derivative of common TA requires a finer granularity.
In RAN1#106-bis, we have agreed on the granularity of the common TA as follows.
Agreement:
· The granularity of Common TA is set to be 
·  μ is the highest allowed numerology supported for data, for the given Frequency Range
Let  be the maximum quantization error of , which is half of the granularity of the common TA. For 15 KHz SCS, . Now let  be the desired maximum quantization errors of  respectively. For a good common TA prediction in equations (2) and (3), we want to control the propagated error from each term of equations (2) and (3) to a comparable level in the validity timer duration . To this end, we can estimate the desired quantization erroros as

Based on the 3rd order approximation shown in Figure 2(b), the validity duration may be set to  for 15 KHz SCS if we want to keep the common TA error less than 1/2 of the CP length in the worst case. With that, we can estimate 

The granularity for the n-th order derivative is . Therefore, a reasonable granularity for the common TA drift rate (1st order derivative), common TA drift variation (2nd order derivative), and the 3rd order derivative is respectively , , and . To satisfy these granularities in LEO 600 Km NTN, the 1st order, 2nd order, and potentially 3rd order common TA parameters (derivatives) require 16 bits, 12 bits, and 9 bits respectively.
Proposal 7: Take the validity timer duration into consideration when determining the granularity for the common TA drift rate, common TA drift variation, and potentially common TA higher order derivatives.
Proposal 8: For 15 KHz SCS, granularity for the common TA drift rate is approximately .
Proposal 9: For 15 KHz SCS, granularity for the common TA drift variation is approximately .
Proposal 10: For 15 KHz SCS, granularity for the common TA 3rd order derivative, if supported, is approximately .
Observation 6: For LEO 600 Km using 15 KHz SCS, the required number of bits for the common TA drift rate, common TA drift variation, and potentially common TA 3rd order derivative are respectively 16 bits, 12 bits, and 9 bits.

In addition to direct signaling the common TA derivatives, an alternative is the network only provides the basic information about common TA and the UE can estimate the higher order derivatives based on the change of common TA information between multiple SIB readings. For example, let  be the common TA at time  and  be the periodicity of SIB. When the UE reads SIB at time , it can also estimate the common TA drift rate  and drift rate variation  from the common TA values of the previous and next SIB messages as shown in Figure 3:
	
	


[image: ]
[bookmark: _Ref79076562]Figure 3. TA prediction using consecutive SIB messages.
Without loss of general application the equations above could be adjusted to estimate the equations to perform extrapolation from latest sample instead of second-latest sample.
If the Common TA drift rate is included in SIB as well, the UE can similarly estimate the 2nd order and also 3rd order derivatives by reading two or three SIB messages, respectively. 
The 2nd order common TA prediction error using the UE estimated common TA drift rate and drift rate variation is shown in Figure 4. Assuming 1 second SIB periodicity, we have not observed any performance degradation comparing with the case when those information is directly broadcast in SIB (High overhead SIB). This result suggests that broadcasting the common TA drift rate and drift rate variation may not be necessary. 
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[bookmark: _Ref77540435][bookmark: _Ref86667533]Figure 4. Error of the predicted TA for 600 km LEO when the satellite’s elevation angle at the time of SIB reading is 20⁰ in (a), 60⁰ in (b). Note that the elevation angle is defined for t=0. The time-wise progressions of the respective elevation angles are shown in Figure 6.
The practicality of UE estimating common TA’s derivatives and the impact of common TA quantization error have been evaluated in the LEO 600 Km scenario, where the common TA prediction using the 1st, 2nd, and 3rd order derivatives estimated from SIB information with quantization error was compared with the prediction from perfect knowledge of the derivatives (without quantization error). Since the common TA’s drift rate and drift rate variation are elevation angle dependent, we looked at two cases where the prediction is performed (i.e., when ) at elevation angle 20⁰ and 60⁰. However, as the satellite is moving during this time period, the elevation angle is changing accordingly throughput the evaluation as shown in Figure 6. The results or the prediction error for the TA are shown in Figure 5. A common TA granularity of  is used in the “2nd order UE estimation” and SIB reading interval  is assumed. In addition, the common TA drift rate granularity (quantization step size) of  is used in the “3rd order UE estimation”, which, as shown in what follows, is sufficient for the TA drift rate granularity, so that this can be used for TA prediction purpose. Both the 2nd order and the 3rd order estimation cases are compared with the “ideal” common TA prediction using as an input precise floating point values for derivatives. 
We can observe that overall, the 3rd order common TA prediction (using up to the 3rd order derivative) provides a smaller error for a longer period of time compared to if using up to the 2nd order derivative. Moreover, the result using the UE estimated derivatives based on multiple SIB reading is also comparable with the “ideal” case (using precise floating point derivatives). The results also confirm that quantized values of Common TA as given by  formula, provide sufficient common TA granularity when used as input to the predictor. Moreover, it is found sufficient to provide only Common TA and common TA drift rate which would allow for prediction based modelling of the 2nd order derivatives. Higher order derivatives may be estimated by using additional samples. This suggests that the higher order derivatives do not need to be included in the SIB broadcast. 
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[bookmark: _Ref83969314]Figure 5. Error of the predicted TA for 600 km LEO when the satellite’s elevation angle at the time of SIB readings is 20⁰ in (a), 60⁰ in (b), assuming  common TA granularity and  common TA drift rate granularity.
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[bookmark: _Ref84008348]Figure 6. Elevation angle as used in the simluations used for the evaluation. Since the evaluation is based on an initial elevation angle 20⁰ in (a), 60⁰ in (b), it is shown that the elevation angle will increase as a function of elapsed time.
Observation 7: UE can estimate the higher order derivatives from multiple SIB readings of common TA or common TA drift rate.
As a balanced design approach, we see that the gNB has the control over whether the Common TA drift rate is transmitted or not and how often this happens. For higher order derivatives of the Common TA, such Common TA drift rate variation (i.e., 2nd order derivative), we do not see the clear benefit which would justify the additional signaling overhead.
Proposal 11: The Common TA value in SIB is sufficient for common TA tracking.
Proposal 12: The Validity time for Common TA may be conditional on the amount of SIB readings.
Proposal 13: The Common TA drift rate variation may not be needed for Common TA tracking.
In RAN1#106 it was recommended to discuss about the broadcasting of the NTN GW and/or gNB position after SA1 and SA3 response to the LS on broadcast of. So far, SA1 has responded saying that, also depending on the region, there might be some security/regulatory aspects to be taken in account if the NTN-GW/gNB position is broadcasted, and recommends that SA3 analyzes those further. 
Proposal 14: Wait for SA3 response to the LS on broadcast of NTN GW or gNB position before discussing further in RAN1.
Moreover, it is noted that GW and gNB are not always co-located, hence knowing the location of the GW would not directly provide knowledge of the delay between satellite and gNB to the UE. At the same time, and using the ephemeris information and Common TA provided by the network together with the location information from GNSS, the UE may be able to roughly estimate the NTN-GW/gNB position. This may be even more relevant in case the value of the Common TA is set by the gNB in such way that the time reference point is at the gNB. By reading the SIB the UE may be able to roughly estimate the location of the NTN-GW/gNB.
Observation 8: By using the satellite ephemeris information and Common TA, the UE may be able to roughly estimate the NTN-GW/gNB position.
Since RAN1#104bis-e the necessity for having specific timers for open loop TA update was discussed and related aspects have been agreed. During RAN1#106-e following Agreement was reached at least for the satellite ephemeris information:

Agreement:
· A validity duration configured by the network for satellite ephemeris data indicates the maximum time during which the UE can apply the satellite ephemeris without having acquired new satellite ephemeris.
· FFS: Associated UE behaviour if the UE does not read the ephemeris within the validity duration.
· FFS: Whether the same validity duration can be applied for Common TA.

Moreover, in RAN1#106bis-e the topic was further discussed and following Agreements was reached. These relate to the UE behavior in case of timer expiration, timer (re-)starting and whether a single timer is used for Common TA related parameters and ephemeris information.
Agreement:​
The UE assumes that it has lost uplink synchronization if new or additional assistance information (i.e. serving satellite ephemeris data or Common TA parameters) is not available within the associated validity duration.​
· FFS: details on how to acquire new or additional assistance information.

Agreement:​
NTN ephemeris validity timer should be started/restarted with configured timer validity duration at the epoch time of the assistance information (i.e. serving satellite ephemeris data).
 
Agreement:​
A single validity duration for both serving satellite ephemeris and common TA related parameters is defined at least if serving satellite ephemeris and common TA related parameters are signaled in the same SIB message. 

Both ephemeris information and Common TA related parameters are provided by the gBN in order to be used by the UE for its UE-autonomous UL time and frequency synchronization. Both parts of the information should be provided in the same SIB message and have the same epoch time. We see as natural that the UE only resets the validity timer when it correctly receives both at the same time.
Proposal 15: The serving satellite ephemeris and common TA related parameters should be signalled in the same SIB message and have the same epoch time.
Proposal 16: the validity timer should be started/restarted only when both serving satellite ephemeris and common TA related parameters are received at the same time.
It is important to mention that, if the UEs are provided a validity timer, the UEs are not expected to update their knowledge on common TA and ephemeris every time these values are updated on the SIB. In the regular SIB modification procedure, the indication of a modification would trigger the UE to reacquire all mandatory SIBs (not only the NTN SIB). 
Proposal 17: Ephemeris and common TA updates should not trigger a reacquistion of all SIBs.
On the other hand the UE may benefit by receiving indication that the ephemeris and common delay have been updated and are not just aged versions of previously transmitted values (still valid in time). 
Proposal 18: RAN1 to consider special indication in the SI modification procedure for indication changes occurring specifically in NTN SIB or the SIB carrying NTN parameters.
Although the ephemeris and common delay parameter are not expected to trigger a mandatory SIB reacquisition, other NTN parameters (K_mac, K_offset) are expected to be re-acquired immediately after their modification. 
Proposal 19: RAN1 shall consider special indication if the changes in NTN SIB require the UE to re-acquire the system information or if it may be left for UE implementation within validity timer. 
Compared to the order of magnitude of the validity time, we do not see any reason for providing this with a higher granularity than frame level. Moreover, the validity time depends on the satellite and cell features (e.g. elevation angle), and shall be broadcasted per cell to all UEs in the call. Referring back to the results as in Figure 4 and Figure 5, those show the error of the UE-predicted TA for 600 km LEO when the satellite’s elevation angle at the time of SIB readings is 20⁰ and 60⁰, respectively. From these results it can be observed that the UE is able to predict the TA with an error below the CP length for at least 30s and 15s, respectively, when using the 2nd order polynomial approximation. When using the 3rd order approximation, much longer prediction horizons can be enabled. These results indicate that, also depending on the satellite location compared to the cell coverage area, and assuming that UEs “only” use the 2nd ordrer approximation, validity durations between 15s and 30s can be supported.
Proposal 20: the validity time is provided with a granularity on a per-frame level and on a per cell basis.
As agreed, in case the UE does not acquire new assistance information before the validity timer expires, the UE shall assume that it has lost uplink synchronization.. However, as there is no mechanism that mandates the UE to read the SIB at specific time instants, the gNB is not able to know the exact time of the most recent acquisition of assistance information by the UE and consequently know when the validity timer would expire. Some UEs may implement a more advanced propagator model, and hence would read the ephemeris information more infrequent than other UEs. which may have less accurate models for the tracking and predicting of the satellite movement. The lack of knowledge of the gNB about whether or not the UE is or will be at a certain point in time outside of the validity duration could be bad for network performance. Consider the gNB scheduling a UE for PUSCH transmission, and the UE does not have valid ephemeris information (to calculate UE-specific TA or to perform UL Doppler frequency compensation). In such case, the UE would potentially have to fall back to RACH instead of responding to the UL scheduling and transmit in PUSCH. Correspondingly, consider a UE beeing scheduled with PDSCH, but which cannot provide HARQ-ACK feedback on the PUCCH because of not having a valid ephemeris information (any more); in such case the UL transmission will be droped.
Observation 9: The network is not able to know whether the validity timer has expired at the UE side or is about to expire soon. This may lead to situations where the UE is not able to fulfil the requirements associated to the scheduling commands (PUCCH and PUSCH transmissions).
In order to avoid such an undesirable situation, one approach could be that the UE sends an “alert signal” to the gNB, reporting that it will lose synchronization soon, as it knows its timer state combined with the SIB transmission configuration. This “alert signal” will cause the gNB to stop any traffic that causes UL transmissions immediately or with short notice to acknowledge and inform the UE that scheduling will stop. 
Proposal 21: In case the validity timer is about to expire, the UE informs the gNB that it will lose synchronization soon.  
At that point, the gNB may either provide the synchronization information (e.g. ephemeris information) as planned e.g. in the next SIB, or optionally provide UE-specific assistance signal to the UE with synchronization information, as part of the PDCCH, in order to assist the UE to maintain its synchronization before the timer expires. This solution is beneficial in case a particular (e.g. high priority) UE transmission must be maintained without interruption. In this case, the UE receives the UE-specific assistance signal before the validity timer expires, and can in this way maintain UL time synchronization. The assistance signal may include ephemeris information of the satellite, Common TA and potentially higher order derivatives of it.
Proposal 22: Upon receiving a signal from the UE that the UE’s validity timer will expire soon, the gNB either 
· Stops scheduling the UE in the uplink and broadcast ephemeris information and Common TA as planned via SIB.
· Provides UE-specific assistance signal including ephemeris information of the satellite, the relevant associated Common TA parameters.

Finally, after the UE has either received UE-specific assistance signal or has read the SIB provided by the gNB, the UE sends a re-establishment signal to the gNB indicating that it has maintained/re-established the status of a synchronized UE in UL. The physical channel for this can be either the PUCCH or a set of dedicated and pre-configured resources.
Proposal 23: After having received UE-specific synchronization information or after having read the SIB again while having earlier informed the gNB on an oncoming validity timer expiration, the UE indicates to the gNB that it has maintained or re-established UL synchronization and that it has reset the validity timer.     
From the network point of view, the benefit is that lost DL transmissions and UE scheduling grants can be avoided. At the same time, from the UE perspective there is a clear benefit that the UE can faster re-establish synchronization by receiving UE-specific information, without waiting for the next opportunity when synchronization information is broadcasted again and without necessarily going again through RACH.
An alternative approach to reach a common understanding on validity timer status between UE and gNB is following. Whenever the UE reads a new satellite ephemeris/Common TA data, it should inform gNB via UE reporting so that both UE and gNB can update the validity timer status and keep common understanding. However, signalling overhead for UE reporting should be considered. One possible way is that, after UE reading new satellite ephemeris/Comon TA data, it will not always infrom gNB. Only when there is potential data transmission, UE informs gNB to maintain the validity timer status. E.g. for UL data transmission, UE will report the validity timer status to gNB if there is data in UL buffer. For DL data transmission, if there is data in DL buffer, the gNB will instruct UE (e.g. via PDCCH order) to start reading the latest ephemeris and report the status gNB.
 
Proposal 24: To reduce the signalling overhead for UE reporting, UE only informs gNB to maintain the validity timer status when there is potential UL or DL data transmission.
 
In practice, the maximum time during which the UE will be able to apply the satellite ephemeris and/or assistance information for calculating the TA without having acquired new information will depend on how long the calculated TA can fulfil the UE requirements when being used for time synchronization. The effective “aging” of these parameters will thus depend on several parameters, including the propagator model used by the UE to predict , the accuracy of the ephemeris information at the time it is provided by the satellite and by the gNB, the satellite and UE speed and direction of speed vector, the elevation angle, the accuracy of GNSS location information at the UE, the accuracy of , etc.
For example, if the UE moves at a high speed (on an airplane) and moreover the relative speed between satellite and UE is maximized due to the direction of movement and also a low elevation angle, the validity time of the ephemeris information may be reduced. Moreover, when the UE moves at high speed the estimation error of UE’s GNSS-provided location may increase as well. On the other hand, it would be inefficient that the gNB configures the UE too conservatively to always use a very short validity timer to safely cover worst-case scenarios. This would result that the UE obtains ephemeris by reading the corresponding SIB more often than needed and would increase overhead unnecessarily.
In order to have more balanced and efficient design, it is proposed that the UE receives a default validity timer value and is further configured so that it can autonomously adjust by scaling this validity timer (related to ephemeris and/or Common TA parameters), based on one more of following parameters: 
· Relative speed vector between UE and satellite
· GNSS accuracy of location information at the UE (can be evaluated by the UE itself e.g. by the variance of the GNSS reference, number of satellites considered, frequency of reading the GNSS signal etc.).
· The orbital propagator model used by the UE for tracking and predicting the movement of the satellite.
· The elevation angle between UE and satellite
· The accuracy of information which is already available for TA estimation. For example, if the Common TA is available at the UE with a very high accuracy, e.g. the information has been just acquired by the UE, the requirement on the UE-specific TA calculation can be potentially relaxed.

In this way, the UE can avoid reading the SIB more often than needed and the validity timer still ensures that the information is up to date and can be used for TA calculation.
Proposal 25: The UEs may be configured so that they can autonomously adjust the value of the validity timer based on a set of parameters.
· The default value of the validity timer is provided by the gBN.
· The UE adjusts its validity timer value based on a set of UE-specific parameters.

Initial TA acquisition before RACH
It has been agreed that a UEs in RRC_IDLE and RRC_INACTIVE mode will at least support UE-specific TA calculation based on at least their GNSS-acquired position and serving satellite ephemeris provided by the network. Acquisition of the UE-specific TA must fulfil a certain accuracy level in order to enable a correct decoding of the random access preambles transmitted by the UE and prevent from creating interference to other UEs’ transmissions. Also considering the sources of GNSS inaccuracy as discussed above, the cyclic prefix used for the random access preamble must at least cover the physical wave propagation delay as well as the expected aggregated inaccuracy of the GNSS-based procedure.
Observation 10: The cyclic prefix of the random access preamble must be able to cover the aggregate contribution of all sources of time inaccuracy and multipath propagation delays.
The cyclic prefix of the random access preamble depends on the choice of the preamble format as described in 38.211 [7], and presented in Table 1.

Table 1 List of Preamble Formats and their respective guard period and cyclic prefix.
	Format
	Type
	SCS [kHz]
	Guard Period [ms]
	Cyclic Prefix Duration [ms]

	0
	Long
	1.25
	0.0969
	0.1031

	1
	Long
	1.25
	0.7156
	0.6844

	2
	Long
	1.25
	0.9526
	0.1526

	3
	Long
	5
	0.0969
	0.1031

	A1
	Short
	15∗2μ
	0
	0.0094∗2−μ

	A2
	Short
	15∗2μ
	0
	0.0188∗2−μ

	A3
	Short
	15∗2μ
	0
	0.0281∗2−μ

	B1
	Short
	15∗2μ
	0.0023∗2−μ
	0.0070∗2−μ

	B2
	Short
	15∗2μ
	0.0070∗2−μ
	0.0117∗2−μ

	B3
	Short
	15∗2μ
	0.0117∗2−μ
	0.0164∗2−μ

	B4
	Short
	15∗2μ
	0.0258∗2−μ
	0.0305∗2−μ

	C0
	Short
	15∗2μ
	0.0357∗2−μ
	0.0404∗2−μ

	C2
	Short
	15∗2μ
	0.0948∗2−μ
	0.0667∗2−μ



Although the long preamble formats provide a relatively large cyclic prefix and guard period, they provide a much more stringent requirement for the Doppler compensation by the UE, as the 1.25 kHz of subcarrier spacing (SCS) is much more sensitive to the frequency offset caused by the large relative velocity observed between satellite and UEs, especially in higher frequencies. 
Observation 11: The long preamble formats provide a more relaxed CP constraint but a more stringent frequency Doppler pre-compensation constraint, especially considering the very high speed observed in LEO deployments and the usage of high frequency bands.
Proposal 26: The GNSS-assisted pre-compensation solution used by the UE shall meet the demands of the preamble format chosen by the operator. The UE shall ensure that requirements in TA adjustment and frequency pre-compensation for all preamble formats are met at any time.
During RAN1#104bis-e meeting the need of explicit indication of a TA margin was discussed, to account for possible uncertainty in TA estimation due to errors in the UE-autonomous TA estimation, different PRACH preamble formats, potential errors in the Common TA and/or the Common TA drift rate etc. In our view, the Common TA should be able to cover any common delay observed either on the feeder link or as well on the service link (or part of it), also considering further potential sources of inaccuracy. Any further uncertainty beyond, associated with location estimation of the nodes in the system (GNSS inaccuracy, propagation path not reflecting the Euclidian distance between UE and satellite etc.) should be covered by the CP of the random access preamble, which is up to gNB configuration. Thus, we do not see the need to explicitly provide a TA margin. Having the required information, it is the UE’s responsibility, based on its GNSS implementation, to guarantee that it will be able to fulfil the time and frequency synchronization requirements as given by RAN4.
The way updating existing N_TA during initial access based on TA Command field in msg2/msgB command is used for UL timing alignment correction was discussed during RAN1#106bis-e. Addressing an FFS from Agreement from previous meeting RAN1#106-3, following Initial Proposal was put for discussion:
Initial proposal 5-1: 
When TAC ( in msg2/msgB is received,  UE receives the first adjustment and  is updated as follows:
  and   = 0
.
 
Regarding the update of NTA, and in particular the FFS on how NTA,old value is updated when this takes place through the msg2/msgB, the legacy specification present in [8], states that “NTA for PRACH is defined as 0.”. Likewise, a similar agreement was made by RAN1, regarding the initial transmit timing for PRACH, which we repeat for convenience: 

Agreement:
The Timing Advance applied by an NR NTN UE in RRC_IDLE/INACTIVE and RRC_CONNECTED is given by:

Where:
·   is defined as 0 for PRACH and updated based on TA Command field in msg2/msgB and MAC CE TA command. 

Therefore, in order to maintain the consistency of the parameters and procedures, we now propose:
Proposal 27: For the timing advance command present in the Random Access Response (Msg2/Msg B) the value of the NTA,old is the value corresponding to NTA for the PRACH transmission, i.e., NTA,old = 0. 
In RAN1#106bis-e it was discussed on potentially needed solutions to avoid that the UE over-compensates its TA during RACH procerdure. It was concluded that a TA margin is not needed. To account for potential too early UL transmissions, the gNB may simply add a small offset to the Common TA such that UE preambles are not received outside the RO.
Proposal 28: There is no need to indicate a TA margin. Any uncertainty related to TA should be covered by the Common TA value. As part of the UE’s implementation, the UE must still ensure that it fulfils RAN4 synchronization requirements.
In RAN1#103-e meeting, a working assumption was made on TA command in RAR that the requirement on UL time pre-compensation for Msg1/MsgA transmission of an NR NTN UE in idle/inactive mode will be defined such that the existing TAC 12-bit field in msg2 (or msgB) can be reused without any extension. We support that existing field in the TAC 12-bit field in msg2 (or msgB) can be reused without extension and the UE should rely on RAN4 synchronization requirements, which allow for the UE time alignment with high accuracy. Further, under the assumption that the UE is having accurate ephemeris information as well as an accurate estimate of its geographical location, there should be no need to change the span or definition of the values indicated in the TAC.

Proposal 29: Confirm the working assumption on non-extension of  TAC 12-bit field in msg2 (or msgB) and that the UE follows the requirements on UL time pre-compensation for Msg1/MsgA transmission as defined by RAN4.
Proposal 30: The TAC value definitions for msg2/msgB remain the same as for NR in Rel-16.

TA update in RRC connected state
In RAN1#104-e, the following agreements were made:
	Agreement:
An NTN UE in RRC_CONNECTED state is required to support UE specific TA calculation based at least on its GNSS-acquired position and the serving satellite ephemeris.
FFS: Operation of closed loop and open loop TA control

Agreement:
For TA update in RRC_CONNECTED state, combination of both open (i.e. UE autonomous TA estimation, and common TA estimation) and closed (i.e., received TA commands) control loops shall be supported for NTN.
FFS: Details of the combination of open and closed loop TA control



As further stated in FL summary of RAN1#105-e, many issues related to TA maintenance/update in connected mode are still open and following FFS were identified:
· FFS: Operation of closed loop and open loop TA control:
· FFS: details of NTA update/accumulation
· FFS: details of update
· FFS: details of update
· FFS: Details of the combination of open and closed loop TA control

Regarding the operation of closed and open look TA control, we believe that the update rate on the UE side should be the UE’s responsibility. In any case, the UE needs to read and update both  and  in such way that the NTA fulfilles the given RAN4 time synchronization requirements.
Proposal 31: The update rate that the UE applies for both the UE-specific TA and Common TA should be such that the applied TA fulfilles the RAN4 time synchronization requirements.
The way of calculation of the Common TA should be deterministic and same for all UEs. Ideally this should be given by an equation, based on input parameters and defined as a function of time. 
Proposal 32: The Common TA should be calculated in a deterministic way and applied at the same time for all UEs.
A combination of open and closed loop TA control needs careful study. As of now, it has been agreed for UEs in RRC connected state to support UE-specific TA calculation based at least on its GNSS-acquired position and the serving satellite ephemeris. At the same time, the network has the responsibility of providing the common TA value to all UEs in the cell. It is still unclear how to handle the potential risks that are associated with having two control loops acting at the same time, and how to avoid that these cause instabilities .For example, there is a risk that UE autonomous estimation, when relying on inaccurate or outdated GNSS location information, leads to erroneous calculation of the UE-specific TA. Considering the large round-trip times during which the UE might be applying incorrect TA,this could lead to accumulation of large errors and potentially create instability to the closed loop procedure. 
Observation 12: Operation of closed loop and open loop TA control in RRC connected state needs careful design to avoid instability due to erroneous calculation of the UE-specific TA value by the UE.
Proposal 33: For UE in RRC connected mode, in case closed loop TA control is used, open loop TA control should be applied only in a way that does not impact the stability and accuracy as provided by closed loop TA control.
Referring to 38.133, this document contains the timing requirements for UEs: “The UE initial transmission timing error shall be less than or equal to ±Te.“. The possible values of Te can be found in 38.133 section 7.1.2 and are in the range of 0,098 and 0,391 μs. The timing is relative to the downlink reception. The challenge is however that the satellite that provides the downlink signal moves. This is shown in Figure 7 and works as follows:
· The gNB transmits the downlink frame at a certain point in time. The delays of the feeder and service link are at that point in time are d and c respectively.
· This downlink frame arrives at the UE after d+c+u1, where u1 is the change due to movement of the satellite.
· The UE may not respond immediately but first after a scheduling s. At that point the time is d+c+s+u1+u2, where u2 is due to the satellite movement during scheduling delay s. 

[image: ]
[bookmark: _Ref84016015]Figure 7 Satellite movement and timing
 

Table 2 Example maximum values for u1 and u2 for different scheduling delays s for LEO at 600 km.
	RTT(ms)
	S (ms)
	u1 (μs)
	u2 (μs)
	u1+u2 (μs)

	28.4
	1
	0,355
	0,025
	0,38

	28.4
	5
	0,355
	0,126
	0,48

	28.4
	10
	0,355
	0,25
	0,61

	28.4
	100
	0,355
	2,5
	2,86

	28.4
	200
	0,355
	5,0
	5,36



The value of u1 depends on RTT/2, while the value of u2 depends on the scheduling delay s. Some example values for u1+u2, which represent the drift due to satellite movement can be seen in Table 2 for different values of the scheduling delay s. To solve this UE autonomous TA adjustment was added.  The challenge is that tight requirements need to be set to the UE timing so that this is aligned with network timing. That is, at which time and by which amount the UE shall auto-adjust its transmit timing. One critical element of the UE autonomously adjusting or adapting its transmit timing is that the gNB may potentially not be aware of such adjustments, and any TA command to the UE may be based on an UL signal that is no longer applicable. Such a situation could create error propagation and oscillations, and should be avoided.
· The network sends timing adjustment commands at a high rate so that the signals stay within the cyclic prefix.
· The UE autonomously adjusts its timing based on the satellite ephemeris data.

The first approach significantly increases the number of needed TA messages, which may be undesirable from network throughput point of view, whereas if the second method is used, tight requirements need to be set to the UE timing so that this is aligned with network timing. That is, at which time and by which amount the UE shall auto-adjust its transmit timing. One critical element of the UE autonomously adjusting or adapting its transmit timing is that the gNB may potentially not be aware of such adjustments, and any TA command to the UE may be based on an UL signal that is no longer applicable. Such a situation could create error propagation and oscillations, and should be avoided.
[bookmark: _Hlk83766361]Therefore, once current agreements enable TA autonomous compensation at the UE side, it is important to guarantee that the closed loop (legacy) mechanism can co-exist in harmonious way with the open loop TA operation which is based on TA autonomous compensation relying on NTA,UE-specific. The fundamentals and principles NR specifications are such that the central node (gNB) bares the main responsibility to manage the connection. In order to maintain this principle, the closed loop solution, i.e., the TA commands generated by the gNB may not be deactivated or ignored by the UE, in any circustance. 
Proposal 34: The gNB should be able to use the closed-loop solution (Timing Advance Commands over DL MAC-CE) at any time.  
There are different situations where the gNB may need to issue a TAC (timing advance command). We now refer to two main cases from which other scenarios may derive: 
A. The UE autonomous compensation (for both the service link and/or the common delay) is innacurate. 
B. The gNB needs to offset UE timing. 

In case A. the UE algorithms for the autonomous compensation component may become inaccurate (for example, for GNSS instability), or delayed. The algorithms themselves, which are not under control of the RAN, may also present rounding or interpolation errors that may sum up for a timing deviation. A potential problem in this scenario, is that the gNB may generate a TAC, and due to the very large RTT times observed in NTN, the situation that created the timing deviation at the UE side may be in the meantime mitigated by the UE algorithms. For example, by the acquisition of updated data on one or more of the following: GNSS, ephemeris, or common delay parameters. In this case, the TAC and the UE updates will act on the same direction, aiming for compensating twice for the deviation. 
Observation 13: If TAC is generated to fix a temporary deviation in the UE transmission timing, when UE updates their autonomous components on the timing advance formula, there may be an overcompensation of the timing advance, generating a similar deviation on the opposite direction (Figure 8).

[bookmark: _Ref84016043]Figure 8 Example of timing overcompensation by the UE, when TAC and UE correction are both applied together. The solid line represents the UE estimation of Timing Advance (open-loop only) with some error deviations. The dotted line represents the Timing Advance when closed loop and open loop are applied together leading to instability.

In case B., the gNB may just require the UE to offset its transmission timing. For example, this may happen if the gNB has identified a jitter caused by the processing times at the satellite or gateway , or simply to cause some offset that allows for a buffer as part of the cyclic prefix such that there is a headroom to absorb timing inaccuracies in the UE transmit timing .. Another situation that may entice such offset are due to gNB implementations. 
Observation 14: If TAC is generated to introduce an offset in UE timing due to gNB internal optimizations, the TAC should be applied regardless of UE accuracy for timing estimation. 
While the case A. creates a scenario where TAC may come in bursts, as there will be overcompensation by the fact closed-loop and open-loop are acting in similar directions, and therefore generating overhead and potential loop instability in the PHY. On the other hand, in case B. the TAC is required to create a unique long-lasting offset on UE timing. As a consequence, both cases should be treated differently by the UE. In the first case, both nodes would benefit if the TAC would be a “temporary” Timing Advance Command, that lasts until UE autonomous compensation is updated. So, regarding the agreements of previous meetings that state the details for NTA update/accumulation merit further studies, we then propose: 
Observation 15: In order to guarantee TA update loop stability, two operation states for TAC update are needed.
Proposal 35: The TAC should operate in two different states to allow both differential and absolute indication of the TAC updates.


Frequency synchronization
Regarding the feeder link Doppler shift, the following has been concluded in RAN1#105:
Conclusion:​
The Doppler shift over the feeder link and any transponder frequency error for both Downlink and Uplink is compensated by the GW and satellite-payload without any specification impacts in Release 17.​
​
However, a significant Doppler shift will be still present on the service link. Considering the high satellite speed, the frequency offset due to the Doppler shift on the service link may be very high and span multiples of subcarrier spacing (SCS). This Doppler shift can be split into a common frequency offset and a UE-specific frequency offset. The service link common frequency offset can be defined with respect to a reference location in the cell, e.g. at the centre of the cell, whereas the UE-specific frequency offset depends on the exact UE location in the cell.
For earth-moving cells the common frequency offset on the service link remains constant per cell, as the satellite does not move with respect to the reference location in the cell. For earth-fixed cells, the common frequency offset component on the service link changes over time as the satellite moves with respect to the reference location. 
Observation 16: For earth-moving cells the common frequency offset caused by Doppler shift on the service link as observed at a reference location in the cell is constant over time.
Observation 17: For earth-fixed cells the common frequency offset caused by Doppler shift on the service link as observed at a reference location in the cell changes with time.
Regarding the service link Doppler shift compensation in DL, the following conclusion was made in RAN1#104-e:
Conclusion: 
If DL frequency compensation for the service link Doppler is applied, indication of the amount of frequency compensation is necessary. 
• 	FFS: support of DL frequency compensation for the service link Doppler. 

In order to prevent the UE from searching for the synchronization signals (PSS/SSS) in a large frequency range, the gNB may pre-compensate in the DL a common frequency offset on the service link. For RRC connected UEs, this will also prevent UE from tracking and compensating a large frequency offset in DL. 
Proposal 36: In the downlink a common frequency offset on service link is pre-compensated to limit the UE search space for the synchronization signals.
In order to allow the UE to use the DL frequency reference as provided on the service link for calculating its own frequency reference for the UL, the gNB needs to indicate the amount of pre-compensated frequency offset in the DL to the UE. This is especially important in case of earth fixed cells, where there the Doppler shift changes over time. Hence, an indication of frequency offset is needed, and it is preferable that this takes place in downlink, rather than in form of a post-compensation in the uplink, so that the UE can be assisted already in its detection of the PSS/SSS.
Proposal 37: The amount of common frequency pre-compensation in downlink in a cell shall be indicated to the UE and thereby be used for determining the amount of uplink frequency pre-compensation. 
Proposal 38: A common signaling as part of the SIB should be used to indicate the amount of applied frequency pre-compensation in downlink for both earth-moving and earth-fixed cells. 
In case of GNSS loss or limited GNSS availability, UEs in RRC connected state can be supported by closed-loop control mechanisms in their UL frequency alignment. In that case, the UE must then follow the closed-loop commands provided by the gNB, and ensure stability with any other open-loop frequency alignment mechanism it may apply. 
Observation 18: UE-specific closed-loop transmit frequency control for RRC connected mode may ensure UE frequency alignment for UL transmission in case of UE GNSS loss.
Proposal 39: Study whether UE-specific closed-loop transmit frequency control for RRC connected mode should be enabled for UE frequency alignment in UL in case of GNSS loss.

Other Cell Synchronization
In the previous Sections time and frequency synchronisation were discussed. However it is known that any initial access procedure towards a potential (first) cell may fail; in that case, the UE typically starts initial access towards another (second) cell by trying to detect and decode another PSS/SSS pair. However, during its attempt towards the first cell, the UE may have already detected and decoded one or more SSBs from that first cell, which have provided to the UE information on the time reference used by the first cell. In general a UE may also have prior time and/or frequency synchronization information from an earlier cell before its attempt to access a new cell. This will make the initial access to that new cell more efficient for the UE as it does not need to make a full time/frequency search. At the moment, it is not known to the UE whether it can still make use of the timing obtained through SSB decoding from the earlier cell when it attempts to access a new cell. By knowing when to expect an SSB from the new cell it attempts to access, and furthermore which PSS sequence this SSB includes, the UE may limit the search space in within the radio frame and point its search to particular PSS sequences. At the same time, knowing where the SSB is transmitted in frequency, can prevent the UE from searching within the full reception bandwidth. 
Observation 19: A UE can benefit from information from an earlier cell when trying to access a new cell.
If the earlier earlier call was transmitted from the same satellite, it will be synchronized, whereas cells from other satellites typically are not synchronized. The exact information on neighbouring cell synchronization information is not available to the UEs. Moreover, the mapping between physical Cell ID and satellite or beam of a satellite is not fixed, which implies that by only knowing the satellite or satellite beam through e.g., satellite ephemeris, does not provide information on the synchronization status of neighbouring cells.
Due to all the above, before attaching to a new cell, a UE will not have information on the synchronization status of the cell, including when within the frame, the SSB is transmitted or whether the neighbouring cell is time-synchronized to any of the other neighbouring cells or not. Additionally similar as for the location of the SSB in time, i.e. within the radio frame, there is the option that the SSB is transmitted on different frequencies, e.g. different carrier or Bandwidth Part (BWP). In this case, knowing the SSB location in frequency saves the UE from performing a frequency search and speeds up the overall synchronization process.
Knowledge of whether different cells are synchronised, i.e. on the same satellite, location of SSB blocks in time and frequency for the next cell, whether it is due to a failed initial access or for mobility reasons would be beneficial for UEs.
Proposal 40: RAN1 to discuss whether information should be shared by cells which will help UEs synchronising to the next cell.

Satellite Ephemeris Information
In RAN1#104e meeting, based on [2], related to the Issue #14 “Serving satellite ephemeris format” the following baseline has been agreed:
	[bookmark: _Hlk71014669]Agreement:
· RAN1 to support satellite ephemeris broadcast based at least on one of the following format options:
· Option 1: Ephemeris format based on satellite position and velocity state vectors
· FFS: Details on state vectors formats 
· FFS: Details on time reference provisioning/format
· Option 2: Ephemeris format based on orbital elements
· FFS: Details on orbital elements formats 
· FFS: Details on time reference provisioning/format
· FFS: Whether down-selection is needed or both options are supported




Furthermore, the following detailed agreement was achieved during the GTW session held on April 19th
	Agreement:
Support serving-satellite ephemeris broadcast based on one or more of the following:
· Set 1: Satellite position and velocity state vectors: 
· position X,Y,Z in ECEF (m)  
· velocity VX,VY,VZ in ECEF (m/s)
· Set 2: At least the following parameters in orbital parameter ephemeris format:
· Semi-major axis α [m] 
· Eccentricity e 
· Argument of periapsis ω [rad] 
· Longitude of ascending node Ω [rad] 
· Inclination i [rad] 
· Mean anomaly M [rad] at epoch time to
· FFS: Whether pre-provisioned ephemeris based on orbital elements can be used as reference. Thereby, only delta corrections can be broadcast in order to reduce the overhead
· FFS: The field size for each parameter
· FFS: The impact on signaling due to the required accuracy of serving-satellite ephemeris
· FFS: Whether down-selection is needed or both sets are supported



Further, during RAN1#105-e [3] and [4], the following was agreed:
Agreement:
Specifications should support delivery of ephemeris information using both ephemeris formats, i.e., state vectors and orbital elements.

Therefore, RAN1 need to continue the discussions on the design of both satellite ephemeris formats (option 1 and option 2): the content of ephemeris data, the signalling details, the Epoch time associated to ephemeris data.
Here we address two of the FFS items from RAN1#104e meeting:
i. FFS: Whether pre-provisioned ephemeris based on orbital elements can be used as reference. Thereby, only delta corrections can be broadcast in order to reduce the overhead
ii. Additional: Reference time for information (Epoch time)

The pre-provisioned ephemeris data is in the form of orbital data parameters (see Set 2 in the agreement above). For each satellite orbit, most of these parameters, can be provisioned to the UEs in static (e.g. uSIM) or semi-static (infrequent broadcast of orbital data relevant for larger geographical area) way, i.e. as reference orbital information. 
Observation 20: The currently agreed list of Set2 ephemeris parameters are not sufficient for the UE to determine the current exact location of the satellite along an orbit.
In addition to providing ephemeris for the current serving cell, the UE may also benefit from having ephemeris information for one or more target/neighbor cells e.g. to perform measurements. One potential approach, which has also been discussed in RAN2 [14], is that the serving cell provides ephemeris for the target/neighbor cell(s) . However, if the UE is expected to measure more than one target cell it may involve a significant signaling overhead for the serving cell to provide multiple ephemeris sets.
Observation 21: Providing network assistance information in terms of full target cell ephemeris may lead to high signaling overhead in the serving cell.
One approach to minimize the signaling is to utilize knowledge about how a certain target cell is related to the current serving cell. For example, it could be considered that the serving cell can indicate whether the target cell is an intra-satellite neighbor, an inter-satellite neighbor on the same orbit, or an inter-satellite neighbor on a different orbit.
In the case of an intra-satellite neighbor, the UE can simply reuse the ephemeris of the serving cell and in principle the current pre-compensation will be valid.
For the case of an inter-satellite neighbor on the same orbit, the serving cell could inform the UE to reuse the serving cell ephemeris, but offset it in time or otherwise modify it such that it corresponds to the location of the target satellite. This would also involve less signaling overhead than sharing full target satellite ephemeris.
For the last case, the UE would need to receive the ephemeris of the inter-satellite neighbors being on a different orbit. However, if there are multiple target/neighbor cells on the same orbit, being different from the serving cell’s satellite’s orbit, the method of indicating an offset can still be applied to reduce the size of the ephemeris data.
Proposal 41: Serving cell ephemeris is used as a reference for deriving the target cell ephemeris, e.g. by reusing it directly or applying an individual offset.



In addition to the Set2 parameters listed in the agreement from RAN1#104e, the true anomaly at epoch t0, (or equivalent) which defines the position of the satellite along the orbital ellipse at a specific time (the "epoch") needs also to be included. This is necessary, for the UEs to be able to quickly determine the current location of the relevant satellite accessible, especially for IDLE mode UEs. In contrast to the other listed Set2 parameters e.g., the true anomaly at epoch t0 parameter would need to be updated more dynamically (e.g. via periodic broadcast), thus it should be considered as part of the delta signalling.
For further increased accuracy of the Set2 data, additional parameters can be considered to be included, such as orbital correction factors (for latitude, radius, inclination). These parameters would also need be updated more frequently, and therefore could be considered as part of the delta corrections.
Proposal 42: Include at least the true anomaly at epoch t0 (or equivalent) parameter as part of the Set2 parameters and consider it as delta correction parameter which needs to be updated and signalled more frequently compared to the other Set2 parameters.
The use of ephemeris data has been extensively discussed also in RAN2 WG. In our view, both Set1 and Set2 parameters are needed as they provide complementary ephemeris information accuracy. As discussed above, the Set2 parameters can be used by the UEs to quickly determine which satellites could be visible at their geographical location/area. Set2 provisioning requires minimal signalling to the UEs because most of the parameters are static or semi-static, hence low energy consumption overhead for the UEs. Set2 parameters accuracy is sufficient for UE for IDLE mode procedures, such as cell re-selection. 
The Set1 parameters, provide higher accuracy satellite location information to the UEs, and this is required for initial access and for subsequent RRC_CONNECTED mode procedures (see Sections 3 and 4). Additionally, the NTN mobility procedures discussed in RAN2 WG also rely on highly accurate determination of satellite location w.r.t. to the UE location.
However, it is important to determine what is the optimal update rate of the Set1 information, in order to reach a balance between signalling overhead and required satellite location accuracy. For example, in R4-2107259 it has been argued that the combined UE and satellite location uncertainty has to lead to better than 117m accuracy in order to maintain time synchronisation by not violating the CP length. According to R4-2014928 the location of the satellite can be determined with high accuracy “10 meters and velocity accuracy in the order of 10 cm/s”, therefore, only the UE GNSS location accuracy and the satellite location information update rate towards the UEs, would be the main limiting factors in the overall achievable accuracy.
Observation 22: The update rate at which the Set1 satellite ephemeris location information is available at the UEs, combined with the UE GNNS location accuracy, is a critical factor in the overall achievable location accuracy, and the RAN1 mechanisms depending on it.
Proposal 43: The Set1 and Set2 satellite ephemeris data may have different update rates.
At the previous RAN1#106-e meeting, there was a discussion on the epoch time for the provided satellite ephemeris information, which lead to the following agreement:
Agreement:
Serving satellite ephemeris Epoch time is implicitly known as a reference time defined by the starting time of a DL slot and/or frame.
· FFS: Whether this starting time is given by predefined rule or it is indicated by the Network

One of the key elements in this discussion is related to the translation from the understanding of time from the external system into the NR system’s understanding and provisioning of time. The former would for most cases be the UTC as provided through the GNSS, while the latter would already be provided by the System frame timing. Another important aspect in this context is that the gNB will receive the satellite ephemeris information from another system (the NTN control center), where the satellite’s position in space is provided along with the time by which it is valid. Since the NTN control center is out of control of the 3GPP system, the gNB would not have any control of the arrival time of this information. When mapping between the two system’s understanding of time it is crucial that the gNB is provided the flexibility to have the possibility of dynamically indicating the time by which the satellite ephemeris information is valid.
Observation 23: The gNB needs flexibility for mapping information of time from external systems (NTN control center) into the NR system’s understanding of time.
One approach that would allow sufficient flexibility for the gNB to perform the translation between the two system’s understanding of time would be to let the SFN and the slot number that the gNB provides the satellite ephemeris information act as a “reference time” such that the UE will implicitly know the point where the relative time is defined. Following this, the gNB could provide an offset (for instance in slots), that indicates at which exact SFN/slot that the information is applicable.
Proposal 44: The starting time or reference time for satellite ephemeris information is provided as part of the ephemeris information by indicating the slot and SFN that the information is valid for.

Conclusion
In this contribution we have presented our observations and proposals related to time and frequency synchronization for NTN systems. These are as follows:
Observation 1: The UE GNSS-based time pre-compensation has the main purpose to guarantee that the initial random access attempt falls into the time window for the RACH occasion as defined by the gNB and minimize the interference to adjacent UL time symbols. Frequency pre-compensation shall ensure that the Doppler effect is mitigated so that the preamble can be received without inter-carrier/-user interference.
Observation 2: There are several sources of inaccuracy in acquiring time and frequency synchronization between UE and gNB by using GNSS information. The precision and availability provided by different systems may vary significantly.
Observation 3: Full reliance on third part GNSS applications leave the 3GPP systems exposed to vulnerabilities that cannot be subject to enhancements or modifications by 3GPP standards or service provider will. 
Observation 4: The ranges of common TA drift rate and common TA drift variation are larger for lower altitude LEO.
Observation 5: The quantization error of the n-th order common TA derivative will propagate with the n-th power of time to the common TA error. Therefore, the higher order derivative of common TA requires a finer granularity.
Observation 6: For LEO 600 Km using 15 KHz SCS, the required number of bits for the common TA drift rate, common TA drift variation, and potentially common TA 3rd order derivative are respectively 16 bits, 12 bits, and 9 bits.
Observation 7: UE can estimate the higher order derivatives from multiple SIB readings of common TA or common TA drift rate.
Observation 8: By using the satellite ephemeris information and Common TA, the UE may be able to roughly estimate the NTN-GW/gNB position.
Observation 9: The network is not able to know whether the validity timer has expired at the UE side or is about to expire soon. This may lead to situations where the UE is not able to fulfil the requirements associated to the scheduling commands (PUCCH and PUSCH transmissions).
Observation 10: The cyclic prefix of the random access preamble must be able to cover the aggregate contribution of all sources of time inaccuracy and multipath propagation delays.
Observation 11: The long preamble formats provide a more relaxed CP constraint but a more stringent frequency Doppler pre-compensation constraint, especially considering the very high speed observed in LEO deployments and the usage of high frequency bands.
Observation 12: Operation of closed loop and open loop TA control in RRC connected state needs careful design to avoid instability due to erroneous calculation of the UE-specific TA value by the UE.
Observation 13: If TAC is generated to fix a temporary deviation in the UE transmission timing, when UE updates their autonomous components on the timing advance formula, there may be an overcompensation of the timing advance, generating a similar deviation on the opposite direction (Figure 8).
Observation 14: If TAC is generated to introduce an offset in UE timing due to gNB internal optimizations, the TAC should be applied regardless of UE accuracy for timing estimation. 
Observation 15: In order to guarantee TA update loop stability, two operation states for TAC update are needed.
Observation 16: For earth-moving cells the common frequency offset caused by Doppler shift on the service link as observed at a reference location in the cell is constant over time.
Observation 17: For earth-fixed cells the common frequency offset caused by Doppler shift on the service link as observed at a reference location in the cell changes with time.
Observation 18: UE-specific closed-loop transmit frequency control for RRC connected mode may ensure UE frequency alignment for UL transmission in case of UE GNSS loss.
Observation 19: A UE can benefit from information from an earlier cell when trying to access a new cell.
Observation 20: The currently agreed list of Set2 ephemeris parameters are not sufficient for the UE to determine the current exact location of the satellite along an orbit.
Observation 21: Providing network assistance information in terms of full target cell ephemeris may lead to high signaling overhead in the serving cell.
Observation 22: The update rate at which the Set1 satellite ephemeris location information is available at the UEs, combined with the UE GNNS location accuracy, is a critical factor in the overall achievable location accuracy, and the RAN1 mechanisms depending on it.
Observation 23: The gNB needs flexibility for mapping information of time from external systems (NTN control center) into the NR system’s understanding of time.

Proposal 1: Any UE should only attempt to access the 5G system over NTN for situations where it is absolutely sure that proper time and frequency compensation is applied.
Proposal 2: NTN systems must contain a fall-back conservative solution that allows UE to access the network in case of faulty or malfunctioning GNSS systems.
Proposal 3: RAN1 to define the orbital height range for LEO deployments.
Proposal 4: The number of bits indicating the common TA drift rate and common TA drift variation should be determined based on the lowest supported altitude of LEO satellites.
Proposal 5: Epoch time for Common TA is defined as the point where prediction time equals zero for the equation describing the time-wise evolution of the Common TA.
Proposal 6: Epoch time for Common TA is also defined as the point in time where the parameters for Common TA are assumed to be representative of the Common TA.
Proposal 7: Take the validity timer duration into consideration when determining the granularity for the common TA drift rate, common TA drift variation, and potentially common TA higher order derivatives.
Proposal 8: For 15 KHz SCS, granularity for the common TA drift rate is approximately .
Proposal 9: For 15 KHz SCS, granularity for the common TA drift variation is approximately .
Proposal 10: For 15 KHz SCS, granularity for the common TA 3rd order derivative, if supported, is approximately .
Proposal 11: The Common TA value in SIB is sufficient for common TA tracking.
Proposal 12: The Validity time for Common TA may be conditional on the amount of SIB readings.
Proposal 13: The Common TA drift rate variation may not be needed for Common TA tracking.
Proposal 14: Wait for SA3 response to the LS on broadcast of NTN GW or gNB position before discussing further in RAN1.
Proposal 15: The serving satellite ephemeris and common TA related parameters should be signalled in the same SIB message and have the same epoch time.
Proposal 16: the validity timer should be started/restarted only when both serving satellite ephemeris and common TA related parameters are received at the same time.
Proposal 17: Ephemeris and common TA updates should not trigger a reacquistion of all SIBs.
Proposal 18: RAN1 to consider special indication in the SI modification procedure for indication changes occurring specifically in NTN SIB or the SIB carrying NTN parameters.
Proposal 19: RAN1 shall consider special indication if the changes in NTN SIB require the UE to re-acquire the system information or if it may be left for UE implementation within validity timer. 
Proposal 20: the validity time is provided with a granularity on a per-frame level and on a per cell basis.
Proposal 21: In case the validity timer is about to expire, the UE informs the gNB that it will lose synchronization soon.  
Proposal 22: Upon receiving a signal from the UE that the UE’s validity timer will expire soon, the gNB either 
· Stops scheduling the UE in the uplink and broadcast ephemeris information and Common TA as planned via SIB.
· Provides UE-specific assistance signal including ephemeris information of the satellite, the relevant associated Common TA parameters.

Proposal 23: After having received UE-specific synchronization information or after having read the SIB again while having earlier informed the gNB on an oncoming validity timer expiration, the UE indicates to the gNB that it has maintained or re-established UL synchronization and that it has reset the validity timer.     
Proposal 24: To reduce the signalling overhead for UE reporting, UE only informs gNB to maintain the validity timer status when there is potential UL or DL data transmission.
Proposal 25: The UEs may be configured so that they can autonomously adjust the value of the validity timer based on a set of parameters.
· The default value of the validity timer is provided by the gBN.
· The UE adjusts its validity timer value based on a set of UE-specific parameters.

Proposal 26: The GNSS-assisted pre-compensation solution used by the UE shall meet the demands of the preamble format chosen by the operator. The UE shall ensure that requirements in TA adjustment and frequency pre-compensation for all preamble formats are met at any time.
Proposal 27: For the timing advance command present in the Random Access Response (Msg2/Msg B) the value of the NTA,old is the value corresponding to NTA for the PRACH transmission, i.e., NTA,old = 0. 
Proposal 28: There is no need to indicate a TA margin. Any uncertainty related to TA should be covered by the Common TA value. As part of the UE’s implementation, the UE must still ensure that it fulfils RAN4 synchronization requirements.
Proposal 29: Confirm the working assumption on non-extension of  TAC 12-bit field in msg2 (or msgB) and that the UE follows the requirements on UL time pre-compensation for Msg1/MsgA transmission as defined by RAN4.
Proposal 30: The TAC value definitions for msg2/msgB remain the same as for NR in Rel-16.
Proposal 31: The update rate that the UE applies for both the UE-specific TA and Common TA should be such that the applied TA fulfilles the RAN4 time synchronization requirements.
Proposal 32: The Common TA should be calculated in a deterministic way and applied at the same time for all UEs.
Proposal 33: For UE in RRC connected mode, in case closed loop TA control is used, open loop TA control should be applied only in a way that does not impact the stability and accuracy as provided by closed loop TA control.
Proposal 34: The gNB should be able to use the closed-loop solution (Timing Advance Commands over DL MAC-CE) at any time.  
Proposal 35: The TAC should operate in two different states to allow both differential and absolute indication of the TAC updates.
Proposal 36: In the downlink a common frequency offset on service link is pre-compensated to limit the UE search space for the synchronization signals.
Proposal 37: The amount of common frequency pre-compensation in downlink in a cell shall be indicated to the UE and thereby be used for determining the amount of uplink frequency pre-compensation. 
Proposal 38: A common signaling as part of the SIB should be used to indicate the amount of applied frequency pre-compensation in downlink for both earth-moving and earth-fixed cells. 
Proposal 39: Study whether UE-specific closed-loop transmit frequency control for RRC connected mode should be enabled for UE frequency alignment in UL in case of GNSS loss.
Proposal 40: RAN1 to discuss whether information should be shared by cells which will help UEs synchronising to the next cell.
Proposal 41: Serving cell ephemeris is used as a reference for deriving the target cell ephemeris, e.g. by reusing it directly or applying an individual offset.
Proposal 42: Include at least the true anomaly at epoch t0 (or equivalent) parameter as part of the Set2 parameters and consider it as delta correction parameter which needs to be updated and signalled more frequently compared to the other Set2 parameters.
Proposal 43: The Set1 and Set2 satellite ephemeris data may have different update rates.
Proposal 44: The starting time or reference time for satellite ephemeris information is provided as part of the ephemeris information by indicating the slot and SFN that the information is valid for.
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